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1. 
PROGRESS REPORT NO.6. 
COUPON TESTS or COPPER AT -90 DEGDES :I .. 
1. Object of Investigation 
This is the sixth in a series of progress repor.ts dealing with the 
meChanical properties of several coppers at various temperatures. Report 
Noo 1 contained a description of the equipment and gave the resalts of 
some preliminary tests; Report No. 2 dealt with the resuJ.ts of te.sts at 
room temperature on cOUJ?cn specimens of the various coppers; :Reports No. 
3 t 4 and 5 contained the results of similar tests at + 2120 Fe ,+ 4000 J. 
and -400 F .. ~ respectively, and finally this report describes the results 
o 
of tests at a temperature of -90 :I. on coupons of the same coppers. 
The object of the tests reported herein was the same as for the 
tests reported in the previous reports, namely to obtain the meChanical 
properties of the materia.ls~ such as the yield strength t ultimate 
strength p initial stress-strain relation (modulus of elasticity)~ reduc-
tion in area and percentage elongation in 2 inChes. 
2$ Ackn,owledgments 
The tests described in this report are part of an investigation 
resulting from a cooperative agreement between the Engineering ~eriment 
Station of the University of Illinois 9 of which Dean W. L~ Everitt is the 
Director t and the Copper and Brass Besearch Association. 
2-. 
The investigation, which constitutes a part of the research program 
of the Department of Civil Engineering headed by Profes~or w. C. 
Htmtington, is under the general direction of li. K. Newmark, Research __ 
Professor of Structural. Engineering. The tests were made by _N. A. We~t 
Special Research Graduate Assistant in Civil Engi:neering, working unq.er __ 
the direct supervision of William R. Manse t Research Assistant Professor 
of Civil Engineering. 
The Copper and !rass Research Association provided funds w~th which 
to pay for this investigation and also provided the material for the 
spa cimens. 
II. DESCRIPTIOE Ol' THE !I!ESTS. f 
3. Description of Materials 
The sheets from which the coupon specimens have been co.t were 36 in~ 
wide and 96 in. long. Since there were three coppers in two tempers and 
of two thiCknesses, twelve different sheets of copper were necess~ to 
make the coupon specimens required for the test program. 
The mill report for these 12 copper Sheets is given in !abl~ ~~ 
The temper of the sheets is given in Oolumn 3, ElU. indicating mate;r.ial 
which had been hot-rolled and annealed and OR 5-"" indicating material_ 
which had been cold-rolled to a 5-to-7 per cent reduction. The type, .of 
copper is indicated by the mix number. Mix No. 100 designates Electr~ 
lytic Tough-Pitch Copper t Mix No o 101 designates Deoxidized Righ-Phos ..... 
phorous Copper, and Mix No. 103C designates Oxygen-Free Righ. .... Conductiviv 
Copper. 
o . 
All of the co~r sheets were annealed at 1150 F. for one-half 
hour. As indicated above, the cold-rolled sheets were then given a final 
rolling at room temperature during whiCh a S-to-7 per cent reduction in 
thickness was produced. 
These parent sheets were obtained from a large ,copper fabricator, 
who was requested that they be processed in accordance with standard mill 
practice and to commercial tolerances on thickness, length, width, flat-
ness and squareness. 
The coupon specimens were fabricated in the laboratory from ree-
~-Xlg'J.lar strips cnt from the parent sheets as shown in Fig. 10 Since 
each material was to be tested in duplicate at six temperatures, stressed 
in directions both longitudinal with and transverse to the direction of 
4. 
rollingt a total of 24 S})ecimens were cut from each sheet as shown. ~ 
12 parent sheets, therefore, provided a totaJ. of 288 coupon specimens to 
be tested in tension. 
The details of the specimens are shown. in Fig. 2. This specimen is 
in accordance with the recommendations in the A.S.T.K. Specification No. 
E8-46 for Tension Testing of Metallic Materials. !he width of thes,peci-
men in the central. portion is 1/2 in. t 0.005 in. This same tolerance 
and width applies to the specimens both 1/8 and 1/4 in. thick. The, gage 
length of 2 inches is on the central. portion of the specimen where the 
width is constant and the edges are milled. 
!he total. 0:£ 288 coupon specimens have been numbered in a manner 
which indicates the conditions of the testt.i~type of material, the tn.;em-
ness of the material. and also the specimen number. In order to obtain a 
:mmtber which will provide these data, each specimen has been numbered in 
accordance with the following system. 
First Symbol: The first number indicates the base material and 
thickness, .as follows: 
1 ~ Ilectrolytic Tough-Pitch Coppert 1/81 thick. 
2 - Deoxidized High-Phosphorous Copper, l/sn thick. 
3 - Oxygen-Free High-Conductivity Co~rt 1/8" thiCk. 
4 - Electrolytic To~itch Copper, 1/4" thick. 
5 - Deoxidized Righ-PhoS})horous Copper t 1/41 thick. 
6 - Oxygen-hee High .... Conductivity Copper, 1/4" thick. 
--5. 
Second Symbol: The first letter indicates the temperature at which 
the test is conducted: 
A .... -400 F. 
E .... Room temperature- (approximately 750 F.) 
... 0 ' 
C -+212 F. 
o ' 
D ... +400 F. 
o E.... .....90 F. 
o F .... -300 F. 
Third Symbol: The second letter indicates the direction of the 
long axis of the specimen with respect to the direction of rolling: 
L .... Longitndinal direction. 
! .... Transverse direction. 
Fourth Symbol: ~ third letter indicates the temper of the 
material: 
A .... Rot-rolled and annealed material. 
c .... Cold~rolled'to a 5 to ~ reductiono 
Fifth Symbol: !he last nttmber indicates whether the particular 
specimen is the first or second of two duplicate specimens. 
Following this system. No. 4E~2 would designate a specimen of 
Electrolytic !o~itch Copper in the anneaJ.ed state, l/4-m& thick, 
tested at room. temperature t with the long axis of the specimen trans-
verse to the direction of rolling, and the second of two identical 
specimens. ~s system is used throu.ghout the entire report for des1€-
nating the specimens. It is possible to determine the complete descrip-
tion of the test and 'specimen from only the specimen number. 
6. 
4. Equipment and Test Procedure 
The equipment used for the tests described in this report consisted 
of the same pullheads and extensometer which were used for the tests at 
room temperature and, in addition, the low-temperature equipment de-· 
scribed in Progress Report No. 1.* In assembling the pullheads, speci ..... 
men and extensometert extreme care was taken to place every part in its 
proper position. The entire unit was then placed in the testing machine, 
the cooling tank having been previously fastened in position on the test-
ing machine. !he test assembly with the coupon specimen in place t as 
used for the tests ,at room temperature ,is shown in Fig. 3. The lov tem-
~ra.ture equi~nt with the cooling tank containing the test assembly, 
o . 1. 
as used in the tests at -90 F., is shown in the testing machine in Fig.8o¥. 
~----------------~--------------------~-----------~-----~-----------------
*progres·s Report No.1, dated October 1. 1948, "Equipment and 
Preliminary Tests". 
------~----------------------~------~----------~--------------------~~--
The temperature of the specimen was recorded by means of a single; 
eopper~constantan thermocouple a.ttached at the center of the specimen 
with a strong brass clip. The temperature indicated by this single there 
mooouple was wi thin 10 :r.. of the average tempera tore of the spe cimen as a 
whole. An automatic recording potentiometer vas used with the thermo-
oouple to give a continuous record of the temperature of the specimen d~ 
ing the te st and to serve as a guide in the temperature adjusting opera-
tions. For sake of accuracy t a carefully calibrated manuaJ.ly operated 
potentiometer was also placed in the circu.it of the thermocouple and was 
used at intervals to take check readings. 
The reservoir containing the dry ice was filled to capacity during 
the entire test. thereby keeping the temperature of the coolant at about 
7. 
-lOSo:r& This temperature is about lSo Fa lower than the temperature 
used for testing0 !o take the ~cimen down to a temperature below 
-900 F 6> would have required an excessive amount of time with the equi~ 
:ment ava..ilableo Therefore 9 a. testing temperature of .... 900 F. was used 
for these tests. 
!he required ~ecimen temperature was obtained by controlling the_ 
volume of liquid flowing through the cooling ta.nk, The ma .. d mn:m flow at 
the cooling tank was used at the start of the cooling period. When the 
specimen approached a temperatare of about ..aOo Fe~ the flow was reduced 
by adjusting the control valves and the temperature was permitted to 
level off e This usually brought the temperature of the specimen within 
a few degrees o£ "':'900 F. :By making further small adjustments9 the te~ 
- perature was brought to wi thin 1:3 degrees of the specified value and 
was maintained at that te~erature throughou.t the teste 
llaving rea,l'I>h.od the desired ·temperat'"......:re I) the =.ondition.s were held 
constant for approximately 15 minutes before the test was started~ ~ 
iDg the average 25 minute duration of the test1) fu:rther check readings 
were taken!) and if a:r:ry deviation ,,·:lS observed, the temperatura was car~ 
fully- adjusted~ With this procedure it was :possible to keep the tem.Pe~ 
tare variation during each individual test to within 3 degrees:r. A 
typical time=>temperature record is shown in Jigo 59 
8. 
IIIo DSULTS OF TEE TESTS e 
.50 Resu1 ts of Tests 
The purpose of the tests described in this report, as stated pre-
viously, was to obtain the mechanical properties of three different cop-
pers at a temperature of -90 degrees 1'0 These properties have been ex-
pressed in the form of the yield strength, the ul timB.te strength, the 
reduction in area, the percentage elongation in 2 in. ~d the initial 
slope of the etre ss-strain C'I;lrVe t the latter generally being referred to 
as the modulus of elastici tYe Two values of the yield strength have _ 
been reportedo One is the stress in pos.i. corresponding to an offset 
of 0.2 per cent from the initial straight portion of the stress-strain 
diagram; the other is the stress in P0 s. io corresponding to a strain of 
00.5 per cent. 
Typical stress .... strain diagrams are shown in Figo 6. This figure 
ahaws the construction for determining the initial slope of the stres~ 
strain diagram and also for determining the yield strength b~ the 
gO.~ offseta and the "OoO.5~ elongation~ methods. 
o The stress-strain diagrams for all the specimens tested at ..... 90 F. g 
e.re shown in Figs. 7 to 10, inclusive. The curves of Fig. 7 pertain to 
the l/8-ine long! tudinal specimens 9 tho se of Fig. 8 are for the lISe-in. 
transverse specimens 9 those of Figo 9 are for the l/4r-in. longitudinal 
specimens, and those of Fig. 10 are for the 1/4-i:n. transverse specimens. 
It can be seen from these curves that the du:plicate specimens gave very 
consistent resul tSe The fractures of aJ.l of' the specimens are shovn in 
Figs'. ·11 and 12~ 
9. 
The results for all of the tests conducted at _900 Fe are presented 
in Tables 2 and 3. Average values for the various categories, based 
on the values for the individual specimens a.s given in Tables 2 and 3, 
are given in Table 4. The tests were all conducted at a temperature 
wi thin !.3 degree s of -90 degree s F 0 
6.. Discussion of Results 
The mechanical properties of the various coppers are dis~ssed in 
the following sections. 
~ Yield Strength 
Value s of the yield strength for the va.:roious coppers t as given 1>7 
the "0..2 per cent offset" methodo are given in Fig. 13; the values of 
the corresponding property as obtained by the nO~5 per cent elongation" 
method. are given in Fige 14. Ea.ch of the points plotted in the se fig-
ures represents the aver~ of the two duplicate tests e 
The values of the yield strength determLined by the two methods are 
given in Columns .3 and 4 of Tables 2 and 30 As can be seen from these 
tables, the values of the yield strength determined by the a.sf" elonga.c-
tion method were always higher than the corresponding values determined 
by the Oe~ offset methode The difference was a.bout ~ for the annealed 
coppers and 2% for the cold-rolled co~rse 
In generals the yield strength of the cold-rolled coppers was high ..... 
er for loading longitudinal with the direction of rolling than for load .... 
in€ transverse to the direction of rolling tl the difference being of the 
order of about l~. For the annealed specimens t there was no consistent 
or signifi~t difference in the yield strength between the specimens 
loaded parallel with or transverse to the direction of rolling~ It 
10. 
'Was also found that, in generaJ., the yield strength of the l/e-in~ spec-
imens exceeded that of the 1/4-in. specimens. The only exception to 
, this was the cold-rolled deoxidized copper for which the 114m-me spec1-
~ens had the higher yield strength. 
The yield strength was generally about 2.5 times as great for the 
cold-rolled specimens as it was for the a:nnealed specimens. 
!he relative yield strengths of the three coppers m the cold-
rolled condition were not consistent with the relative yield strengths 
of the same coppers in the annealed condition. This may have been due 
to a small difference in the cold-rolling reduction, since the cold worm-
ing had a considerable effect on the yield strength. F.or the coppers in 
question the percentage reduction in rolling was specified to be betw~en 
.5 and 7 per cent. This is a range of 3.3%, a di:fference great enough to 
cause a considerable variation in the increase in the yield strength due __ 
to the rollinge The oxygen-free high-conductivity copper had the highest 
average yield strength in the annealed condition of the coppers tested; 
the electrol.ytic tough-pitch copper had the higbes.t average yield 
strength in the cold-rolled condition of the coppers tested. However, 
the differences were not great in either instance. 
:8. Ultimate Strength 
Values of the ultimate strength for the various coppers are shown 
m Fig. l5~ It can be seen from this figure that the ultimate strengths 
/ 
of aJ.l the coppers tested, the average from two tests in each instance, 
fell within the relatively small range of .36, 450 psio to 41,,800 psi. 
However ,wi thin this range 11 the following relations are a.pparent: 
ll. 
For all the coppers tested, the cold-rolled specimens were all 
slightly stro~r than the corresponding annealed specimens. 
For the cold-rolled specimens~ values of the ultimate strength 
were greater for all coppers when loaded longitudinal. with the direc-
tion of rolling than when loaded transverse to the direction of roll-
ing. The annealed S]?ecimens of l/4-in. electrolytic tough-p:ttch and 
J./4-ine oxygen-free high-conductivity coppers had ultimate strengths 
which were about the same whether tested longitudinal with or trans-
verse to the direction of rolling. The .&mealed specimens of lIB-in. 
electrolytic tough-pitch copper had a slightly higher strength for the 
transverse specimens, whereas, the lIB-and l/4-in. deoxidized hi~ 
l?hosphorou~ and the lIe-in. oxygen-free high-conductivity coppers bad 
a slightly higher strength for the longitudinal specimens. 
There was no consistent relationship between the thiCkness of the 
material and its ultima~e strength. Considering all categories, the 
electrolytic tough-pitch copper appeared to be slightly str~r than 
the other coppers in the cold-rolled temper, and the deoxidized hi~ 
pho~horous copper was slightly stro~r than the others in the annealed 
temper. However t the differences were small. 
Of Modulus of Elasticity 
Values of the modulus of elasticity for the various COppers9 as 
given by the initiaJ. slope of the stress-strain curves shown in Figs. 
7, 8, 9, and 10$1 are given in Fig. 16. The average values for the 
dupllicate specimens vary from 14.0 x 106 psi. to 2105 x 106 psi. The 
~ 
average values, however, are 1903 x 10v psi. for the cold-rolled copper 
and 17.1 x 106 psi. for the annealed coppers. 
l2~ 
In generalt) the modulus of elasticity was greater for ~he cold-
rolled material than for the annealed material. The exception to this 
statement was the lIs- and l/4-in. annealed electrolytic copper when 
tested parallel to the direction of rolling. 
There was no consistent relation between the modnl~ of elasticity 
and either the direction of loading with respect to the direction of 
rolling of the materiaJ., the thickness of the material, or the type- of 
copper te stede 
D. Percentage Elongation 
b percentage elongation in 2-in. for the various coppers is 
shown in Fig. 17. This figure indicates that the elongation9 ill. gen", 
eral, was less for the lIB-in. material than for the l/4-in. material 
and9 as might be expected9 annealed material elongated more. than the 
cold-rolled material~ !rhe outstanding exception to both of these 
statements was specimen 5-ETA made of 1/4-in. annealed deoxidized hi.gb-
phosphorous copper. It is also of interest to notice the behavior at 
these coppers with respect to the direction of rolling. The specimens. 
transverse to the direction of loading ,had, in general, a larger elong&-
tion than the longitudinal specimens for both annealed and cold ..... rolled 
coppers. The average value s for the elongation in 2-in. was S8.1~ for 
the annealed coppers and 46e~ for the cold-rolled coppers~ 
Eo Reduction in Area 
The average reduction in area at failure for the various coppers 
is given in Fig. l8~ This figure & along with the data of Tables 2 
and ), seems to indicate that the reduction in area for the various 
--13. 
coppers is quite erratic. Rowever~ a detailed examination of the frao-
tuxes of the specimens indicates that two distinct types of fracture 
occurred, a 4,5-degree shear type and.a cup type. Typical fractures of 
these two types are shown in Fig. 19. The types of fracture t shear and 
ctq>, are indicated on the diagram.s of :rig. 18 by the letters, S and 0, 
respectively. In general, the 45-degree shear fracture WaS accompanied 
by a smaller percent~ reduction in area than the cup type fracture. 
!he average reduction in area was about 5~ for the 45-degree shear 
:fracture and about 77% for the cup ty:pe fracture~ 
Although most of' the other iIl.fluences were overshadowed by the 
large effect of the type of· fracture, the figure reveals that neither 
tbe direction of loading with respect to the direction of rolling or the 
thiCkness of the specimen had any appreciable effect on the percentage 
reduction in area. 
The results of the static tensile tests of coupon specimens of 
o 
copper a.t -90 F. may be S'WlllIla.rized as follows: 
14. 
(1) For similar coppers, sheets that had been cold-ro12ed had a 
yield strength about 2.5 times as great as sheets that had been anneal.ed. 
Bowever t the ultimate strengths of the sheets finished by the two methods 
did not differ greatly. 
(2) In general t the yield strength a£ the cold-roll~d copper was 
a little higher when loaded paral.lel with the dire~tion of rolling than 
when loaded transverse to the direction of rolling~ For the anneal.ed 
specimens. there was no consistent or significant difference in the yieLd 
strength between the specimens loaded parallel with and those loaded 
transverse to the direction of rolling. 
(:3) It was al.so found that in general. the yield strength for the 
lIB-in. specimens was higher than for the l/4-in. specimns; the' only 
exception was the cold-rolled deoxidized copper for which the l/4-in~ 
ape cimens had. the higher yield strength. 
(4) !he ultimate strength for al.l the coppers tested, the a.verage 
from two tests in each instance D fell wi thin the relatively small ra:n.ge 
or 36~450 psi. to 41.800 psi~ However, within this range, the cold';';' 
rolled specimens were al.l slightly stronger than the corresponding 
anneal.ed specimens. 
(5) The vaJ..ues for the ultimate strength were greater for al.l 
c~rs when loaded longitudinal with the direction of rolling than when 
loaded transverse to the direction of rolling. excepting the 1/8- and 
15. 
1/4-in. annealed electrolytic tough-pitch copper and the l/4-in'; oxygen-
free high-conductivity copper. 
(6) There was no marked or consistent relation between the thic~ 
ness of the Sl)ecimens and their ultimate strength. 
(7) The aver~ ultimate strength in the cold-rolled condition was 
slightly greater for the electrolytic tough-pitCh copper than it was for 
either the deoxidized high-phoSl)horous copper or the oxygen ..... free high-
conductivity coppere In the annealed condition lJ the average ultimate 
strength was slightly greater for the deoxidized high-phosphorous co~r 
than it was for either of the other two cO:PJ?ers testede However, the 
differences were small. 
(8) The percentage elongation in 2-ineo in general, was less for 
the lIS-in. material than for the l/4-in. material, and, as might be ex-
~ected, annealed coppers elongated more than the cold-rolled coppers. 
The only exception to both of these statements was Sl)ecimen .5-ETA made 
of l/4-ino mmealed deoxidized high-phosphorous copper. 
The following statements are all based on the average mechanical 
properties given in Table 40 
(9) The average yield strength corresponding to a O.~ offset for 
the various annealed coppers varied wi thin the range ~ 9· t980 psie to 
lO~430 psi. The corresponding values for the cold-rolled coppers are 
2.5,130 psi. to 27,400 psi. 
(10) The average yield strength corresponding to a 005% elongation 
for the various annealed coppers varied wi thin the range, 10,760 psie to 
11,130 psie The corresponding values for the cold-rolled coppers are 
2.5,660 psi. to 27,840 psi. In each instance~ the yield strength by the 
16. 
0.5% elongation method was slightly greater than that obtained by the 
O.~ offset method. 
(11) The average ultimate strengths for the various annealed 
coppers varied within the range, 37~030 psi. to 37,380 psi. The cor-
responding values for the cold-rolled coppers are 38,780 psi. to 
39,580 psi. 
t'. (12) The average reduction in area for the various annealed 
coppers ranged from 63.~ to 79.4If,. The corresponding values for the 
cold-rolled coppers are 56.?f, to 78.8%. These values are irrespective 
of the type of failure. However, the reduction in area seems to depend 
on whether the fracture is a full shear type or a cu.p type. The aver-
age reduction was about 54J!, for the shear type and about 7~ for the 
cup type fracture. 
(13) The average elongation in 2-in. for the various annealed 
coppers varied within the range 56.4If, to 60.~. The corresponding 
values for the cold .... rolled coppers are 42.2% to 49.0~. 
(14) The average modulus of elasticity for the various annealed 
coppers varied within the r~ 15,900.000 psi. to 18,400,000 psi. 
The corresponding values for the cold-rolled coppers are 18,100,000 
psi. to 20,100,000 psi. 
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~LE 1,. 
MILL REFORT FOR OOPPER ' SHEETS. 
:S'inished Temper* lMix ** Cake Size :Breakdown CutUp 
Size, In. lNumber 
(2) (3) (4) (.5) (6) (7) 
~16x96xo 125 H.RDAo 100 13 x26x4.00 2~ x .5/8 3~ x2~ x5/8 
36x96xo 250 B:oR.Ao 100 13 x26x4.00 3~ x 5/8 3~ x41! x5/8 
36x96xe125 HoRoA. 101 2~ x29x4.oo 37~ x 5/8 37~ x2~ :x5/8 
:~6x96xQ 250 HoR.A. 101 4~ x29x4.00 372 x 5/8 37~ x4lk x5/8 
36x96xo125 B:oR.Ao 1030 13 x26x4.00 2~ x 5/8 37t x2~ x5/8 
36x96xo250 B:.R.A. 1030 13 x26x4.00 371 x 5/8 371 x411 x5/8 2 2 4 
36x96x.125 OR 5-7% 100 13 x26x4.00 21kx 5/8 38 x21t xS/8 
36x96x.250 OR 5-7'f, 100 13 x26x4.00 38 x 5/8 38 x42 x.5/8 
36x96x.125 C:R 5-7% 101 2~ x29x4.00 38 x 5/8 38 X21~ x5/8 
36x96x.250 OR 5-7% 101 ~ x29x4.00 38 x 5/8 38 x42 x5/8 2 
36x96x.125 OR 5-7% 1030 13 x26x4.00 2lt x 5/8 38 x21k x.5/8 
36x96x.250 OR 5-7% 1030 13 x26x4.00 38 x 5/8 38 x 42 %5/8 
~~ H.R.A. Indicates "hot-rolled and annealed". 
OR 5-7% Indicates "cold-rolled to 5-1% reduction". 
*~. Mix 100 - 99. 90~ Oopper 
Mix 101 - 99.90% Copper. 0.015-0.035% Phosphorous 
Mix 1030 - 99.96% Copper 
' . 
Hot Roll Anneal 
(8) (9) 
.. _" 
37~ x98 x.125 1· :t.150OJ.-2' hr. 
1 Thermo-soak 372' x98 x.250 18 nil .. 
37t x98 x.125 .. II II II 
372 x98·x.2S0 " It " .. 
37t x98 x.l25 t1 .. II II 
371 x98 x.2.50 II 
" 
U 
" 2 
38 x94 x.l33 18 II II 
" f 
38 %94 x.266 II " n It 
38 x94 x.l33 II II II II 
38 x94 x.266 18 18 18 It 
38 x94 x.133 
" 
.. II II 
38 '%94 x.266 It II II at 
Cold Roll, 
In. 
(10) 
---------
--------
--"'-----.-
c=-______ ~ 
o=o ______ -=-
---------
38 xlOO x.125 
38 xlOO x.250 
38 :d00 x.125 
38 xlOO x.25.o 
I 
38 xlOO x.125 
38 xlOO xo250 
.... 
-...:2 
• 
T.A:BIE 2. 
SUMMARY· OF RESULTS. OOUPON TESTS AT -90 DEGREES F. 
SPECIMENS LONGITUDINAL WITH DIRECTION OF ROLLING. 
Specimen Nominal Yield Strength in Ultimate Reduction 
No. Thickness 1000's of p.s.i. Strength of ,Area, 
of Ooupon O.~ 0.5~ in 1000·s per cent in Inches Offset Elong. of p.s.i. 
(1) (2) (3) (4) <'5) (6) 
Electrolytic Tough-Pitch Annealed Copper. 
I1-ELA.-l 0.125 10.65 11.40 37.40 51.7 
11-ELA-2 0~12~ .~o20 10.80 17.20 58.3 
Avo 0 0 125 10.18 11.10 17.10 1)1).0 
14-JnLA.-1 0.25 9.-95 10 • .50 36.50 75.5 
Lv.r.A 2 Oo2~ 9.20 ~80 36.40 66.9 
-, 
Av. 0.25 9.58 10.15 36.45 71.2 
Electrolytic Tough-Pitch Oold-Rolled Copper. 
I1-ELO-1 0.125 35.10 35.20 42.00 SO.3 
l-ELC-2 0.12S j4~0 ..14020 41.60 50.7 . 
Av. 0.125. 3.4~80 3.4 • .2.2 41.80 59 .. 5. ' 
q..ELO-1 0 •. 25 23.40 23.70 38.80 .58.9 
4-EL0-2 0.25 23.00 23~4o 19.10 59.9 
Av. 0.25 2).20 23.55 38.95 .59.4 
Deoxidized High-Phosphorous Annealed Copper 0 
~-ELA.-1 0.125 11 • .55 11.90 37.50 76.5 
~ELA-2 0.125. 11_.25. 11.'25. 37.6'5 79.0 
Av. Oe125 11.LK> 11.53 37.58 77.8 
~-ELA.-1 0.25 8.20 9.10 37020 .58.4 
~-ELA-2 0.25 8.65 9.80 38.60 .58.1 
Av. 0.25 8.33 9.45 37.90 ·.58.3 
Elongation 
in 2 Inches. 
per cent 
(7) 
54.0 
56.0 
1)1).0 
59.5 
60~0 
5908 
32.5 
~O 
.22.8 
5000 
50.0 
50.0 
54.5 
52.J!.0 
55.8 
55.5 
56.0 
55.8 
..-
Modulus of 
Elasticity' ill 
6 10 p.s.i. 
(8) 
20 
21 
20~ 
17 
18 
17.5 
21 
16 
18.5 
17 
16 
16.5 
17 
14 
1505 
16 
12 
14.0 
I-' (X) 
• 
TA'BDn 2. (.Ooncluded) 
Speoimen Tltominal Yield Strength in Ultimate Reduotion Elongation 
No o Thiokness 1000's of nos.i l strength of Area, in 2 Inches, 
of Coupon 0.2% 0.,,,, in 1000·13 per oent per cent 
in Inohes Offset E1ong. of p.s.i. 
(1) (2) (3) (4,) (5) (6) (7) 
Deoxidized High-Phosphorous Cold-Rolled Copper. 
2-EL0-1 00125 26.90 27 •. 19. 39.60 58.2 36.0 
2-ELQ-2 0.125 26.30 27.10 39.60 7902 4105 
Av. 00 125 26.45 27.10 39.60 --6s.7 . 38.8 
5-ELO-1 0.25 26.70 26 0 90 39.10 77.6 50.5 
15-EL0-2 00 25 25 0 60 25090 39 0 00 77.6 50.5 
AVe 0.25 . 260 15 26 0 40 39.05 77.6 50.5 
Oxygen-Free High-Conductivity Annealed Copper. 
L3-lIlLA-1 0.125 10.85 11 0 48 37 0 80 77.8 57.5 
3-EU-2 0.125 11015 120 05 37080 81.5 5500 
Av. 0~125 110 00 11.77 37.80 7907 56.3 
6-E:LA-l 0.25 9.65 10.40 36.60 78 0 1 63.5 
~1!T"-2 0.25 9.48 10.05 36.85 80.7 6205 
-
Avo 0.25 9.57 10.23 36 0 73 79.4 63.0 
Oxygen-Free High-Conduotivi ty Cold-Rolled CoppE~r. 
~ELO-l Q..125 27~70 28.00 40.10 79.6 40.0 
~-ELC-2 0~125 28.00 28.15 40.00 80.9 i 40.0 
Avo 0.125 27.85 28.08 . 40.05 8003 40.0 
~o-l 0.25 25.30 25.40 38.60 79.1 57.0 
6-ELC-2 0.25 25.80 25.90 38.60 79!t4 54.0 
Avo -. 0.--25 2.5.55 25.65 38.60 79.3 55.5 
-
Modulus of 
E1~stici ty ill 
10 pos.i o 
(8) 
17 
21 
19 0 0 
19 
21 
20.0 
20 
18 
19 0 0 
19 
12 
1505 
20 
23 
21.5 
21 I 
I 
18 J 
19 • .5 
I-' 
~ 
• 
T.A:BLE 3. 
SUMMARY OF RESULTS. COUPON TESTS AT -90 DEGREES F. 
SPECIMENS TRANSVERSE TO DIRECTION OF ROLLING. 
r----' NominaJ. Spec:imen Yield Strength in Ultimate Reduction Elongation Modulus of' 
No 'I/! Thiclmess 1000' s of' ]1. s. i~ Strength of' Area p in 2 Inches» E16sticity in of Coupon q.2% 0.5% in 1000's per cent per cent 10 Pos.i. 
in Inches Offset Elong. of pose i. 
Lul. (2) (1) 141 (5) (6) (7) (8) 
Electrolytic Tough-Pitch Annealed Coppero 
~. 
l-ETJ.-1 0.12.5 11.95 12.60 37.60 52 • .5 56 0 0. 17 
~.-2 0.125 11.60 12.10 18 0 20 58 e 8 5400 17 
~L-- 0.12'5 11.78 12~ 17090 5507 55.0 17.0 
[1i:ETA-l 0.25 10 0 10 10.75 36.40 70.9 60.0 19 
~~2 0.25. 9_.0..5. .9955 36 0 50 71 0 0 60.5 18 
AVlt 0.25 9.58 100 15 36.45 71.0 . 60.,3 18.5 ~"".t= 
Electrolytic Tough~itch Cold-Rolled Coppero 
1---. 
I1-ET~J-l 0.125 32.10 32.BO 40 9 40 52.6 36.0 21 
~~2 0~125 320.50 330_00 40.20 5502 36.0 17 
AVe 0.125 '32010 32.~0 40.30 5309 '3600 19.0 
~TO-l 0.25 19020 19.90 37.10 50.8 . 49QO 18 
~TC-2 0.25 19.40 20.00 37.40 50.B 50.5_ 19 t-. 
1?02'5 '50.B 49~8 1B.5 Av~~ 0.25 19.'30 19.95 
~--
Deoxidized High~ho~horaus Annealed Copper. 
2=iTA-l 00 125 11.60 12.40 37.30 77.0 58.0 17 
~~2 0.125 11.15 ll~B5 '37.'30 77.4 56_2 5 12 
Avo 0.125 ll.3B 120 13 37.30 77.2 57.3 17.0 
5...JCTA-l 0.25 8.60 9.40 36.70 49.5 56.5 IB 
~~-2 O~2~_ ~.OO 9.80 16,,80 49.B 57.0 16 
Av .. 0.25 8.80 9 0 60 36.75 49.6 56.8 17.0 J 1=:....-
~ 
• 
TA1U&E 3. (Concluded) 
Specimen Nominal Yield Strength in Ultimate Reduction Elongation Modulus of 
NO e Thickness 1000 1 13 of 'P.s.i~ Strength of Area, in 2 Inches. Elasticity'in 
at Coupon 0.2% 0.5% in 1000's per cent per cent 6 
in. Inches Offset Elong. of p.s.i. 10 p.s.i. 
(1) (2) J.1l~~~ __ __ -'-4} (5) (6) (7) (8) 
Deoxidized High-Phosphorous Cold~olledCopper. 
2-ETC-l 0.125 23.85 24.25 38.,40 80.5 51.0 20 
2-ETC-2 0.125 23.60 240 40 38.35 80.2 43.5 22 
Avo 0.125 23.73 24.33 38.38 80.4 47.3 21.0 
5 ... ETC-l 0.25 24.40 24.80 38.30 76.1 59.0 14 
i5-ETD-2 0.25 24.00 24.80 '38010 7iJ.8 S6.0 2'3 
Avo 0.25 24.20 24.80 38 0 20 76.0 57.5 18.5 
Oxygen-Free High-Conductivity Annealed Copper. 
~ETA-1 0.12.5 11.60 12.05 37.40 81.1 55.5 14 
I1-ETA-2 O.12E 11070 12.35_ 17.,40 81 ___ 7 '38.0 16 
Av. Oo12E ll.65 12.20 17.40 81.4 '36.8 15.0 
6-ET.A,...l 0.25 9.45 10.32 36.70 7504 6505 19 
~ETA-2 0.25 9.50 10.30 36090 78.4 65.0 19 
AVe 0.25 9.48 10.31 36.80 , 76 0 9 65.) 19.0 
I 
Oxygen~ree High-Conductivity Cold-Rolled Copper. 
3-JDTet-l 0.125 26.80 27.20 39.10 79 0 8 43.5 20 I 
I 3-ETQ-2 0.12.5 26 0 70 27.00 39.20 77.5 45.5 2l I 
Av. 0.125 26.75 27.10 39.15 78 f1J 7 44.5 20.5 J 
~ETC-l 0.2.5 22.30 2207.5 37.40 76.9 60.0 19 I I ~TC-2 0.25 21.70 22.40 37.20 77.0 51.5 19 I 
Av. . 0.25 22.00 22.58 37.30 77.0 55.8 19.0 
I 
l! 
If 
-~.-..!<::,,~.: 
~-- ... 
:Base 
Material 
(1) 
Electrolytic 
Deoxidized 
Oxygen-Free 
Hign-Conduo-
tivity 
Avo 
Electrolytic 
Deoxidized 
Oxygen-Free 
High-Conduc-
tivity 
Av. 
~A'BL1l 4~ 
SUMMARY OF AVERAGE MECHANICAL PROPERTIES OF VARIOUS COPPERS 
FROM COUPON SPECIMENS. TESTS AT -90 DEGREES F. 
Temper Yield Strength in Ultimate Reduction Elongation 
1000's of p.s.i. Strength of Area 9 in 2 Inches, 
in 1000's per cent per cent 0.2% Oo~% 
Offset Elong. of pos.i. 
(2) (3) (4) (5) (6) (7) 
Annealed 10.28 10.94 37.03 63.2 57.5 
Annealed 9.98 10.76 37.38 65.7 56.4 
Annealed' 10.43 11.13 37.18 79.4 60.4 
10.23 10.94 37.20 6904 58.1 
Cold-rolled 27.4<) 27084 39.58 56.7 42.2 
Cold-rolled 25013 25.66 38.81 75.7 48.5 
Cold-rolled 2.5.54 25.8.5 38.78 78.8 49.0 
26.02 2604.5 39.06 70.4 46.6 
Modulus of 
Elasticity in 
6 10 p.s.i. 
(8) 
18.4 
15.9 
1701 
1701 
18.1 
19.6 
20.1 
19.3 
N 
N 
• 
. 96" 
I" 
'8 ELECTROLYTIC COPPER 
DIRECTION OF ROLLING 
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FIG. I CUTTING DIAGRAM FOR COPPER SHEETS. 
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FIG.! SPECIMEN AND APPARATUS AS ASSEMBLED 
FOR A COUPON TEST AT ROOM TEMPERATURE. 
FIG.4 LOW TEMPERATURE TEST ASSEMB,~'1 
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COPPER 
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FIG.6 
UNIT ELONGATION IN 0.0001 IN. PER IN. 
TYPICAL STRESS- STRAIN ·CURVES FOR COUPON SPECIMENS TESTED AT - 900 F. 
CONSTRUCTION FOR DETERMINING YIELD STRENGTH AND MODULUS OF ELASTICITY. 
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FIG.8 STRESS-STRAIN DIAGRAMS FOR ~" IN. COPPER 
~ 
'. COUPONS TESTED AT "'900 F. SPECIMENS 
TRANSVERSE TO DIRECTION OF ROLLING. 
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" I" . S T RES S - 5 T R A I N 0 I A G RAM S FOR l' OOJ~·:A:-llp~p!~:'~I!!Ro~i!."OOlJ PQRS 
TESTED AT "'90°F. SPECIMENS LONGITUDINAL 
WITH THE DIRECTION OF· ROLLING. 
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FIG. 10 STRESS'" STRAIN DIAGRAMS FOR til COPPER COUPONS 
TESTED AT aD 90° F. SPECIMENS TRANSVERSE TO 
DIRECTION OF ROLLING. 
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FIG.12 FRACTURES OF ~I COUPON SPECIMEN S AT - 90 0 F. 
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FIG.14 YIELD STRENGTH BY 0.5 % ELONGATION FOR VARIOUS COPPERS. 
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FIG. 15 ULTIMATE TENSILE STRENGTH OF VARIOUS COPPERS. 
\..V 
\Jl. 
o 
--""'~-'''''''"C'-'-'>'~''''''~:'':'l'':-,''''~''' '7-!."'''~:_'-:!'''''"' :.,.·~~~.,~.",..,.."1'Vi~ ..... ,.,,'l'~~f"l>~""R!r:,"".;lh; .. 'M:;u&. IYi>! .. R ..k4 .,$;:0;\",)_ . .i§JiIt ,I M", •. "" Q .. R;.;g.J1,Q. L4JaAJ.Pii4$i#i§Il44J ;.i 4 (lM 
,~~.~~:...~ ...... i&&i&&llIiiil4I i U II 
en 24r---r--~---t---t---t---i--~---1~--~--~--t---+---+---~--~--l---J-~ ~ 
~ 
o 
z 
en 
~ 
« 
a: 
(!) 
:g 
a 
~ 
~? 
a:" 
t-' 
en 
I 
m 
UJ 
a::: 
.... 
U) 
LL 
o 
UJ 
Q. 
o 
...J 
(J) 
...J 
~ 
.... 
z 
f' €. 1~I.J J __ ~
LEGEND 
16 ~ 
<> ELA (LONGITUDINAL, ANNEALED) 
• ETA (TRANSVERSE, ANNEALED) 
12 
I : I 
i 4 
8 
ELEOTROLYTIC 
I 
GOPPER 
THIOKNESS OF COUPON IN INOHES 
I 
I I I 
8 4 8 
DEOXIDIZED O.F. H. C . 
i' 
4 
)( ELC (LONGITUDINALtCOLD-ROLLEDl 
o ETC (TRANSVERSE, COLD .... ROLLED) 
ALL TESTS AT-90° F. TEMP. 
GOP.PER ~ ____ ~ __ ~_COPPER~Ir-__ ~ __ ~r-__ ~ __ ~ ____ ~ __ ~~ __ ~ 
4~~~--~----~----~----~~----~----~----~----~------~----~----~----~------~----~----~------------~----i 4 2 5 3 6 
SERIES NUMBERS 
FIG. 16 MODULUS OF ELASTICITY OF VARIOUS COPPERS AS DETERMI NED 
FROM THE INITIAL SLOPE OF THE STRESS-SnlAIN DIAGRAMS. 
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FIG. 17 PERCENTr., ELONGATION AFTER FAILURE ON 2 INCH 
GAGE LINES FOR VARIOUS COPPERS. 
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FIG. 18 PERCENT REDUCTION IN AREA FOR VARIOUS COPPERS. 
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FIG.19 TYPICAL SHEAR (5ELA-2) AND CUP TYPE 
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